The Cuatro Ciénegas Basin (CCB) is an oasis in the desert of Mexico characterized by low phosphorus availability and by its great diversity of microbial mats. We compared the metagenomes of two aquatic microbial mats from the CCB with different nutrient limitations. We observed that the red mat was P-limited and dominated by Pseudomonas, while the green mat was N-limited and had higher species richness, with Proteobacteria and Cyanobacteria as the most abundant phyla. From their gene content, we deduced that both mats were very metabolically diverse despite their use of different strategies to cope with their respective environments. The red mat was found to be mostly heterotrophic, while the green mat was more autotrophic. The red mat had a higher number of transporters in general, including transporters of cellobiose and osmoprotectants. We suggest that generalists with plastic genomes dominate the red mat, while specialists with minimal genomes dominate the green mat. Nutrient limitation was a common scenario on the early planet; despite this, biogeochemical cycles were performed, and as a result the planet changed. The metagenomes of microbial mats from the CCB show the different strategies a community can use to cope with oligotrophy and persist.
Introduction
M icrobial mats are self-sustaining communities with the capacity to perform all major biogeochemical cycles. Microbial mats are characterized by stratification of the microbial populations into distinct layers and are thought to be the earliest biological communities on Earth, as suggested by fossil stromatolites dated to 3.4 billion years ago (Des Marais, 1990; Tice and Lowe, 2004) . Mats have inhabited Earth for many years and are found in many different environments, which highlights their great plasticity in adapting to different conditions (Paerl et al., 2000; Kunin et al., 2008; Lau et al., 2009) . Their wide range of metabolic capabilities (see Bender and Phillips, 2004 ) makes them systems of particular biotechnological importance. The geographical distribution of modern microbial mats is currently restricted to only a few aquatic systems, one of which is the Cuatro Ciénegas Basin (CCB), an oasis in the Chihuahuan Desert of Mexico.
The CCB is composed of a system of springs, pools, and streams that form an inverse archipelago in which each pool is an island . The pools of the CCB exhibit the lowest phosphorous concentration reported in continental waters (Elser et al., 2005) . Geological data show that the valley and its hydrological systems have a unique ancient history (Souza et al., 2006; Szynkiewicz et al., 2009) . It has been proposed that aquatic communities in the CCB diverged from their marine ancestors in the Jurassic period, when the CCB was under the ocean (Souza et al., 2006; Moreno-Letelier et al., 2011) . Paleo-pollen data show that no new soil has settled in the basin floor, and as a consequence no stores of nutrients have been built up (Minckley and Jackson, 2007) . New phosphorus (P) arrives by wind transport and dust deposition, and is quickly occluded by the abundant calcium associated with limestone parent material. This long history of nutrient deprivation has resulted in adaptations, such as bacteria with reduced genomes or cell membranes where sulfolipids substitute for phospholipids (Elser et al., 2005; Alcaraz et al., 2008; Desnues et al., 2008; Souza et al., 2008) . Paradoxically, this extremely unbalanced ecosystem has a large diversity of microbes, endemic fishes, snails, and zooplankton, and represents one of the most biodiverse sites by area in North America and the most important hot spot of endemicity at all taxa levels (Tatusov et al., 2001; Souza et al., 2006; Carson et al., 2008; Cerritos et al., 2008; Desnues et al., 2008; Escalante et al., 2008 Escalante et al., , 2009 Breitbart et al., 2009; The Nature Conservancy, 2010; Wilson and Sherman, 2010) .
It is still unknown how a nutrient-deprived ecosystem sustained solely by microbial mats can host such complex and diverse communities. To understand the ecological particularities of CCB microbial communities, we describe and compare in the present study the metagenomes of two aquatic microbial mats that live under different conditions within the oasis. A red mat was sampled from a shallow, highly variable desiccation pond with a very low C:N:P ratio (15820:157:1). The second mat, which we will call the green mat, was sampled from a permanent pool with a different C:N:P ratio (51:2:1) and a constant temperature. The two metagenomes show markedly different community structures and display different strategies for contending with oligotrophy.
Materials and Methods

Sampling site
Microbial mats and water samples were collected in July 2008 in the CCB. Sampling site coordinates were 26°52¢17 †N, 102°01¢11.3 †W for the red pond in the ejido Los Venados and 26°49¢24.4 †N, 102°00¢53.2 †W for the green pool in the Pozas Azules Ranch (PRONATURA). For each microbial mat, four temperature measurements were recorded daily for more than 6 months with a UA-002-64 data logger (Onset, MA, USA).
Physicochemical analysis
Two hundred milliliters of water were filtered through a 0.45 lm Millipore filter. All carbon (C) forms were determined with a total carbon analyzer (UIC Mod. CM5012; Chicago, IL, USA), and nitrogen (N) and phosphorus (P) forms were determined by colorimetric methods with use of a Bran-Luebbe Auto Analyzer III (Norderstedt, Germany). Total C and inorganic C were determined by combustion and coulometric detection (Huffman, 1977) , respectively. Total organic C was calculated as the difference between total C and inorganic C. Total N and P were determined after acid digestion. P was determined by a molybdate-based colorimetric method after reduction with ascorbic acid (Murphy and Riley, 1962) , and N was assayed by a macroKjeldahl method with colorimetric determination (Bremner and Mulvaney, 1982) . The stoichiometric C:N:P ratio was calculated based on the mass (mg/L) of total organic carbon, total organic nitrogen, and total organic phosphorous. Water analyses were performed in CIECO/UNAM.
DNA isolation and sequencing
The microbial mat was collected with sterile equipment. DNA extraction was performed as described previously (Zhou et al., 1997; Breitbart et al., 2009 ) by using freeze/thaw, CTAB, and phenol-chloroform extraction. Samples were then further purified by electrodialysis as described by Rodriguez-Mejia et al. (2008) . Total DNA was amplified with Genomiphi polymerase (GE Healthcare, Piscataway, NJ, USA) according to the manufacturer's instructions; random hexamers were used as primers. Ten independent 4 h reactions were carried out and then pooled before sequencing to reduce amplification bias. The resulting DNA was purified on silica columns (Qiagen) and concentrated by ethanol precipitation. Approximately 10 lg DNA was sequenced with pyrosequencing technology (454 FLX Roche Diagnostics, IN, USA) at Cinvestav-LANGEBIO, Irapuato, Mexico.
Data analysis
Each read from the data set was annotated with BlastN and BlastX (Altschul et al., 1990 ) with a cutoff e-value of 10 -5 with the following databases and annotation systems: Kyoto Encyclopedia of Genes and Genomes (KEGG) , the SEED (Overbeek et al., 2005) , NCBI's NR, and the Clusters of Orthologous Groups (COGs) (Szynkiewicz et al., 2009) .
The metagenomes of the microbial mats were uploaded and compared against other metagenomes with MG-RAST (Meyer et al., 2008) . Whole metagenome data sets were used for functional comparisons; we used a cutoff value of 10 -5 and the SEED Subsystems with a minimum identity of 60% in the overall alignment. The data sets employed for the comparisons are publicly available in MG-RAST and have the following accession numbers or names: 4442466.3, 4441363.3, 4440060.4, 4440964.3, 4440963.3, 4440965.3, 4440966.3, 4440967.3, 4440969.3, 4440970.3, 4440968.3, 4440971.3, 4440972.3, 4441576.3, 4441587.3, 4440067.3, 4441124.3, 4441125.3, 4441126.3, 4441127.3, 4441128.3, 4441129.3, 4441130.3, 4441131.3, 4441143.3, 4441144.3, 4441148.3, 4441152.3, 4441153.3, 4441579.3, 4441580.3, 4441582.3, 4441658.3, 4441584.3, 4441590 .3, GS001a, GS002, GS003, GS004, GS006, GS009, GS010, GS011, GS012, GS017, GS020, GS038, GS040, GS041, GS042, GS043, GS044, GS045, GS046, GS117b, Guerrero Negro (all samples), PAStromBahamasMic20050722, Río Mesquites Bacteria, and the two metagenomes presented in this work. All abundance data have been normalized to values between 0 and 1. For the statistical analysis, we made use of R version 2.12.1 (x86_64) (R Development Core Team, 2008) , and principal component analysis (PCA) was done with the FactoMineR library (Lê et al., 2008) . We also conducted a v 2 test for independence across all samples. For the PCA, a normalized matrix, via multiple sample scaling, that contained the abundance of SEED Level 1 functional groups was used as input, as well as a qualitative supplementary variable indicating the sample's origin. PCA clustering was used to determine group formation along with the sample's origin. We chose to cluster the following groups: CC, Guerrero Negro mats, GOS open ocean, and GOS coastal and estuarine samples. One-way ANOVA was performed with the PCAderived groups, and the significance of this grouping across the gene's functional roles was assessed. A false discovery rate (FDR) (White et al., 2009 ) p-value was calculated when comparing individual features with 1000 permutations and a significance threshold of 0.05.
Results
Pools
The unstable desiccation red pond (the name of the pond is due to the color of its water) from which the red mat was obtained is characterized by a very low P content (0.6 mg/L total organic phosphorus). The pond's water temperature fluctuates between 10°C and 60°C, with maximum daily fluctuations of 15°C during winter and 45°C in the summer. The water is slightly acidic (pH 5.5), while its conductivity (117.6 lS/cm) reveals a low-salt freshwater similar to that found in the Ice Lake (Minnesota, USA) or the oligotrophic Lakes Superior and Tahoe. This pond also shows an extremely oligotrophic C:N:P ratio of 15820:157:1 (for comparison, the Redfield ratio of 150:15:1 has been found in most aquatic ecosystems).
The permanent green pool is more stable (the water of this pool is green). The temperature was 25°C ( -4 standard deviation) across the 6 months in which measurements were taken; the water is also slightly acidic (pH 6.0), and the conductivity is 2.57 lS/cm, which is very low for lentic softwater bodies and an order of magnitude less than that of the red pond. Even though there are 2 orders of magnitude more P in the green mat than in the red mat, the proportion of N is very low (C:N:P ratio of 51:1.8:1). The green pool is also poor in other elements such as magnesium, sodium, potassium, chloride, and sulfate (the detailed chemical composition of the pools is available as Supplementary Material; Supplementary Data are available online at www.liebertonline .com/ast).
Metagenomes
The 454 pyrosequencing of the DNA obtained from the red mat yielded 347,728 reads that resulted in a total of 64 Mb of sequence data. The average read length was 226 bp, and the GC content mode was 60%. We identified 991 different ribosomal gene sequences, each of which was assigned to a genus in the SILVA database (Pruesse et al., 2007) . The red mat was found to be composed almost exclusively of bacteria (Archaea 0.26%, Eukaryota 1.78%), with the phylum Proteobacteria being predominant, followed by Firmicutes and Cyanobacteria (Table 1) . Of the 347,728 total reads, 105,549 were assigned to taxa through the MG-RAST server and use of the RefSeq database (Pruitt et al., 2005; Meyer et al., 2008) . Of these assigned reads, 55% belonged to Pseudomonas, which reveals that this gammaproteobacteria was dominant in the mat.
The green mat metagenome yielded 427,366 reads with an average size of 202 bp, which resulted in 86 Mb with a GC content mode of 35%. Of these, 94,009 reads were assigned to taxa through MG-RAST (Meyer et al., 2008) . In addition, 603 ribosomal genes were identified and assigned to a genus by using the SILVA database (Pruesse et al., 2007) . This mat was also composed almost exclusively of bacteria (Archaea 2.06%, Eukaryota 2.79%). In this case, the phyla Proteobacteria and Cyanobacteria were dominant, but no clear dominant taxon was identified (Table 1) .
Red mat metabolic analysis
Functional assignment of the reads was carried out by performing BLAST searches against the KEGG and COGs databases. The COGs annotation (Szynkiewicz et al., 2009) matched 53,485 sequences. These results indicate that 37% of the identified sequences encoded proteins with known metabolic functions. A further 29% were similar to genes involved in cellular processes, while 18% were similar to genes involved in replication, transcription, and translation (Table 2) .
By using the KEGG database , 43,112 sequences were assigned. The sequences were found to correspond to 3228 KEGG unique features (KO, KEGG Orthology) and 211 metabolic pathways. The most abundant pathways were the ABC transporters (8.83%), purine metabolism (6.43%), and the two-component systems (4.59%) ( Table 3) . Pseudomonas genomes have 111-123 KEGG pathways represented per genome. All the metabolic pathways present in the completely sequenced Pseudomonas genomes were found in the red mat metagenome, in addition to many other pathways such as photosynthesis, glycan biosynthesis, and linoleic acid metabolism. The red mat metagenome also contained pathways for the synthesis and degradation of secondary metabolites that are not present in any known Pseudomonas genome.
Similarly to Pseudomonas, the red mat metagenome also exhibited many genes involved in metabolic pathways for the degradation of organic compounds. We found genes involved in the degradation of toxic compounds such as toluene, xylene, ethylbenzene, naphthalene, styrene, DDT (insecticide), atrazine (herbicide), dichlorobenzene, hexachlorocyclohexane, tetrachloroethane, dichloroethane, chloroacrylate fluorine, and fluorobenzoate. We also found pathways for producing a Metagenome affiliation was obtained by using the Metagenome RAST server (Meyer et al., 2008) . Only the most common phyla are shown.
b Reads identified as LSU and SSU rRNA genes.
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antibiotics such as tetracycline, penicillin, streptomycin, novomycin, ansamycin, and vancomycin, as well as genes such as those coding for beta-lactamases and metallo-lactamases that indicate ways to resist those antibiotics.
Green mat metabolic analysis
The green mat metagenome was analyzed in the same way as the red mat, and 63,364 reads were assigned and classified by using the COGs database (Szynkiewicz et al., 2009) . Of these reads, 34% corresponded to genes involved in metabolism, 29% to genes involved in cellular processes, and 23% to genes involved in information storage and processing (Table 2) . By using the KEGG database , 106,841 reads were classified by sequence analysis. These corresponded to 228 pathways, 19 of which are not represented in the red mat. Among the pathways absent in the red mat are those involved in signaling pathways and posttranslational modifications in eukaryotes. The most frequent pathways in the green mat are those involved in purine metabolism (6.54%), ABC transport (5.12%), and aminoacyl-tRNA biosynthesis (4.34%) ( Table 4) .
Metagenome comparison
By analyzing the frequency distributions of the COGs categories, we observed that categories involved in translation and cellular envelope biogenesis are more abundant in the green mat, while genes involved in transcriptional regulation and metabolism of inorganic ions are more frequent in the red mat (Table 2) . We explored whether gene function differences correlated with genome size. To this end, the effective genome sizes were calculated as described by Raes et al. (2007) , and we obtained a genome average size of 3.69 Mb for the red mat and 1.27 Mb for the green mat.
Specific genes were searched for as proxies or indicators of particular biogeochemical cycles. We looked for genes involved in phosphonate utilization ( phnD, phnH, htxB, and ptxB), polyphosphate metabolism ( ppA, ppK, and ppX), and phosphate recycling (phoA, phoX, and pstS). All these genes were found in both mats, with the exception being genes for phosphite and phosphonate utilization ( ptxB and phnH) that were not found in the green mat. Sulfolipid biosynthesis genes sqdB and sqdX, in contrast, were more notable in the green mat. The genes rbcL, rbcS, codH, and aclY, used as markers for major pathways of carbon fixation, were all present in both mats.
Nitrogen analysis was performed by examining the genes nifH, nrfA, narG, napA, narB, nirS, norB, and nosZ. Nitrogen assimilatory pathways were observed to be more abundant in the green mat, with a marked preference for assimilatory nitrate reductases (narB) over their respiratory counterparts (narG, napA, nirS). There is a remarkable preference for ironcontaining cytochrome cd1 nitrate reductase (nirS) because no copper-containing dissimilatory nitrate reductase (nirK) was found in either mat. Nitrogen fixation genes were detected only in the green mat (Fig. 1) . The given error is the standard error from a FDR analysis. The P-values were calculated with a two-tailed t test.
We next compared these two CCB mats against other aquatic microbiomes whose metagenomes are known. We used metagenomes from two stromatolites from the CCB (also isolated from phosphorus-deprived oligotrophic conditions), the hypersaline microbial mat of Guerrero Negrofor which each layer was studied independently-and the Global Ocean Sampling (GOS) Expedition (Rusch et al., 2007; Kunin et al., 2008; Breitbart et al., 2009) . We used the SEED subsystems to compare the annotations for each of the analyzed metagenomes by PCA. Three large clusters were formed: (1) GOS open ocean, (2) Guerrero Negro, and (3) GOS coastal and estuarine. The red mat clustered together with the GOS coastal water samples, and the green mat was also close to this cluster. The nearest neighbor of stromatolite PA was stromatolite RM, although these two clustered apart from the rest of the samples. Interestingly, when analyzing differences in gene functions by clustering the groups from the CCB, marine environments, and layers of the Guerrero Negro hypersaline mat, the only significant difference found by PCA (SEED level 1) was in genes of the photosynthesis category (FDR p = 0.0374). Within this category, the most differences were found in genes involved in electron transport and photophosphorylation that were more abundant (FDR p = 0.0096) in the metagenomes from coastal waters and the CCB than in the metagenomes from the open ocean.
Light-harvesting complex-related genes were also more abundant (FDR p = 0.0111) in the basal group of the PCA (Fig. 2) .
Discussion
In this work, we compared the metagenomes of two oligotrophic microbial mats, one a P-limited red mat from a desiccation pond and the other a N-limited green mat from a permanent pool at the CCB. The two mats were collected from locations that are less than 10 km apart, and their pools are immersed in a calcareous environment. Oligotrophic environments are defined by their low nutrient availability; oligotrophic continental water bodies are limited by P (Correll, 1999) , while oceans are limited by P, N, and Fe (Mills et al., 2004) . In the latter, primary producers such as cyanobacteria can fix atmospheric nitrogen, using nitrogenase. This is not the case with phosphorus because it lacks volatile atmospheric compounds and thus enters into aquatic 
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systems mainly through deposition on surface waters. The C:N:P ratio in both pools is well below the Redfield ratio (106:16:1) required in the ocean to allow phytoplankton growth and sustain ecosystems (Redfield, 1934; Souza et al., 2007) . We found that microbial communities in both the red and green mats are dominated by known heterotrophic taxa, while other previously reported phosphorus-limited microbial communities, such as the Mediterranean Ocean and the Río Mesquites oncolite (stromatolite RM), are dominated by autotrophs (Krom et al., 1991; Breitbart et al., 2009) . The oceanic N:P ratio is regulated by nitrogen-fixing organisms. When the N:P ratio decreases, diazotrophs acquire an adaptive advantage due to their ability to obtain new nitrogen. As the ratio increases, rapidly growing heterotrophic organisms displace the high-energy-requiring diazotrophs (Tyrrell, 1999) . This fine homeostatic mechanism seems to be disrupted in the CCB, where phosphorus is rapidly FIG. 1. Frequency of reads corresponding to gene markers for biochemical cycles. Red mat is shown in red bars while green mat is shown in green bars. Genes correspond to the following proteins: phnD and ptxB (phosphonate transporters), phnH and htxB (C-P lyase), ppA (pyrophosphatase), ppK (polyphosphatase kinase), ppX (exopolyphosphatase), phoA and phoX (alkaline phosphatases), pstS (phosphate transporter), rbcL and rbcS (RuBisCO), codH (CO dehydrogenase), aclY (citrate lyase), nifH (nitrogenase reductase), nrfA (nitrite reductase), narG (nitrate reductase), napA (nitrate reductase), narB (nitrate reductase), nirS (nitrite reductase), norB (nitric oxide reductase), and nosZ (nitrous oxide reductase). Color images available online at www.liebertpub.com/ast FIG. 2. Functional comparison of metagenomes from aquatic microbiomes by PCA analysis of SEED Subsystems level 1 (Meyer et al., 2008) . Stromatolites PA and RM (Breitbart et al., 2009) , Global Ocean Sampling (GOS) (Rusch et al., 2007) , Guerrero Negro hypersaline mat (Kunin et al., 2008) . The correlation of each variable with factor 1 is available as Supplementary Material, Table S2 . Color images available online at www.liebertonline.com/ast mineralized and most of the available phosphorus-containing compounds exist within standing organic biomass. This sequestration of phosphorus explains the abundance of heterotrophic taxa.
As previously mentioned, the pond where the red mat was sampled is small and has large fluctuations in temperature and water volume, with consequent changes in conductivity. The red mat is strongly dominated by the genus Pseudomonas, as 55% of the red mat sequence reads reveal identity to this genus. Pseudomonas are characterized by a large genomic and metabolic plasticity that allows them to survive in many environmental conditions (Mathee et al., 2008; Kü mmerli et al., 2009; Klockgether et al., 2011) . In contrast, the pool from which the green mat was harvested has much lower temperature fluctuations, an extreme N limitation instead of a P limitation, and a large microbial diversity. When assigning a genus to each read, we observed a greater richness in the green mat (801 genera in the green mat vs. 698 in the red mat). Likewise, we observe a greater evenness in the green mat; Cyanothece is the most abundant genus in the green mat, with a representation of 4.5%. Both richness and evenness indicate that the diversity of the green mat is much greater than the diversity of the red carpet, as is confirmed by the Simpson's index (D), which is 0.0087 for the green mat and 0.2823 for the red mat.
Surprisingly, despite the differences in ecology, nutrient limitation, and species richness and diversity, both mats can perform a wide array of metabolic functions and have almost the same diversity of COGs (i.e., 3125 COGs in the red mat versus 3025 COGs in the green mat). In this work, we studied gene presence, and it should be noted that further gene expression analysis is needed for validation of the metabolic capacities of the mats. The number of metabolic pathways detected in each mat is quite similar (211 for the red mat and 228 for the green mat) (Supplementary Fig. S1 ). Nevertheless, large differences were observed within the relative frequencies in which different pathways are represented. In the red mat, we observed a higher frequency of ABC transporters and two-component system pathways (with red-mat-togreen-mat ratios of 1.7 and 1.9, respectively; Tables 3 and 4) . ABC transporters and two-component system genes are particularly important for organisms to be able to survive in a variety of environmental conditions. Biogeochemical cycles are of special interest because these pathways indicate how a community incorporates essential elements for later reuse by various mat components. Microbial mats are known to display complete biogeochemical cycles (Canfield and Des Marais, 1993) . Here, we determined whether a given biogeochemical cycle was present by analyzing the data for the presence of key proxy or marker genes within the cycle's various pathways.
Many different mechanisms exist to cope with low phosphorus availability, such as using alternative phosphorus sources, using polyphosphates as storage compounds, or employing a highly effective phosphate-recycling mechanism. The use of alternative phosphorus sources (phosphonates, phosphites, and hypophosphites) is revealed by the presence of the high affinity transporters phnD and ptxB as well as by C-P lyase genes phnH and htxB (White and Metcalf, 2004) . The genes ppA, ppK, and ppX are also induced under phosphate-limiting conditions; these genes are involved in polyphosphate metabolism and code for pyrophosphatase, polyphosphatase kinase, and exopolyphosphatase, respectively. Polyphosphate acts as a reservoir of intracellular phosphate, a strategy that seems to be particularly important for motility and biofilms (Brown and Kornberg, 2004) . Extracellular phosphates are recycled by the overexpression of alkaline phosphatases phoA and phoX as well as by the highaffinity phosphate transporter pstS (Scanlan et al., 1993; Suzuki et al., 2004; Zaheer et al., 2009) . All three of the strategies described above are utilized by both mats; however, the use of alternative sources of phosphates appeared to be more important for the red mat because ptxB and phnH were not found in the green mat (Fig. 1) . Also exclusive to the red mat was the presence of coding genes for phosphate-binding DING proteins, which may be another resource more typically used by Pseudomonas to deal with phosphate starvation (Berna et al., 2009) . We detected in both mats the sqdB and sqdX genes involved in sulfolipid biosynthesis, which is another mechanism to contend with limited phosphate (van Mooy et al., 2004 . Interestingly, despite the low N:P ratio of the green mat, seqB and sqdX abundance is 6 times higher than in the red mat, which suggests that sulfolipid biosynthesis is not induced only by P limitation as expected (Fig. 1) .
Autotrophic primary production appears to be more important in the green mat, because the gene frequency of carbon-fixation pathways in the green mat is greater than in the red mat. This is especially true for RuBisCO, which has a frequency 5 times greater in the green mat than in the red mat (Fig. 1) . This is consistent with a higher proportion of Cyanobacteria detected in the green mat (Table 1) . However, both mats also contain genes for the reductive acetyl-CoA pathway and the reductive tricarboxylic acid (rTCA) cycle, two alternative carbon fixation pathways that are present in a variety of microorganisms (Hugler et al., 2011) . The reductive acetyl-CoA pathway is twofold more common in the green mat, as indicated by the frequency of the CO dehydrogenase gene codH. This pathway is present in both archaea and bacteria under reductive and anaerobic conditions (Berg et al., 2010) . Citrate lyase is one of the few enzymes unique to the rTCA cycle (Wahlund and Tabita, 1997) , a pathway exclusive to anaerobic and microaerophilic bacteria that also uses many of the enzymes involved in the TCA cycle. Citrate lyase (aclY) was observed to be 1.5 times more frequent in the green than in the red mat. The other three known pathways for carbon fixation were not detected in any of the mats. It is noteworthy that the distribution of these routes is much more restricted: the 3-hydroxypropionate (3-HP) bicycle is exclusive to Chloroflexaceae, while the 3-hydroxypropionate/4-hydroxybutyrate (3-HP/4-HB) cycle and the dicarboxylate/4-hydroxybutyrate (DC/4-HB) cycle occur only in Crenarchaeota (Hugler et al., 2011) .
Nitrogen metabolism was found to be very different between the two mats. Nitrogen fixation genes were only detected in the green mat, where we also observed a low GC content (GC mode of 35%). This is consistent with the extreme N limitation of the site, as a high GC content requires more nitrogen. The low GC content represents an adaptive advantage in environments with low nitrogen availability (Biers et al., 2009) . In contrast, nitrogen cycle genes in the red mat are predominantly involved with nitrate (NO 3 ) assimilation and respiration in agreement with a much higher GC content, which peaks at 60%. These observations also suggest that nitrogen is not a limiting nutrient in the red mat environment.
Transmembrane transporter analysis revealed other relationships between the organisms and their environment (Patel et al., 2010) . A larger amount of transporters were found in the red mat, notably the ATP-hydrolyzing ABC transporter family (8.83% in the red mat vs. 5.12% in the green mat). The red mat also has cellobiose transporters, which suggests that it has the capacity to degrade cellulose as a carbon source. In the red mat, the frequency of genes coding for transporters of the osmoprotectants choline and betaine is more than 10 times that of the green mat. This reinforces the observation that the red mat experiences stressful conditions during periods of desiccation. In contrast, there are 8 times more transporters involved in the assembly of Fe-S clusters in the green mat, which confirms the importance of photosynthesis and nitrogen fixation for this mat.
We observed yet more contrasts between the two mats through the analysis of those genes with greater differences in their relative frequencies of appearance (Table 2 ). In the green mat, there are several genes involved in synthesis and degradation of the cell wall. In particular, carboxypepetidase genes are twice as frequent in the green mat as in the red mat. In contrast, the red mat has 3 times more outer membrane-related genes, such as porin genes. The high frequency of outer membrane proteins in the red mat is consistent with the particularities of Pseudomonas, as they have several of these proteins that help them respond to environmental changes (Remans et al., 2010) .
The nucleotide excision repair and mismatch repair (MMR) pathways also showed significant differences, as there are more than twice as many genes from these pathways in the green mat than in the red. Nucleotide excision repair is associated with DNA repair following UV damage (Goosen and Moolenaar, 2008) . Both pools receive similar high levels of solar radiation, but the green pool is considerably more translucent than the red pool. MMR is usually involved with DNA repair after replication errors; however, the MMR pathway also participates in repairing damage caused by different types of stress (Kunkel and Erie, 2005) . The above data suggest that maintenance of genome stability is more important in the green mat than in the red mat, where the plasticity of the Pseudomonas genomes may allow the community to survive the fluctuating environment.
We estimated the average size of the genomes in these metagenomes, using a method that relies on the relative frequency of 35 genes that are found as a single copy in bacterial genomes (Raes et al., 2007) . The estimated size of the genomes in the green mat was 3 times smaller (*1.27 Mb) than that estimated for the genomes in the red mat (*3.69 Mb), which suggests very different environmental strategies. The differences in genome size are linked to the overrepresentation of some functional categories, such as translation and replication in the green mat. This phenomenon occurs because different functional categories can be lost during genome streamlining in different organisms, while informational pathways are essential in all organisms and hence will be common to all genomes in the sample. Small genomes, such as those inferred to occur in the green mat, have been reported to be the consequence of genome streamlining as a response to low nitrogen and phosphate availability in some oceanic environments (Giovannoni et al., 2005; Lauro et al., 2009) . Small genomes suggest an abundance of specialized bacteria that can only survive in very specific microniches, because they lack the required plasticity to survive in other environments.
In contrast, in the red mat we observed larger genomes with an overrepresentation of COGs involved in energydependent transport systems, cell motility, and transcriptional regulation, as well as genes involved in signal transduction that are crucial to sense and respond to changing environmental conditions (Konstantinidis and Tiedje, 2004) . All these genomic features are characteristic of copiotrophic lifestyles (Lauro et al., 2009) , in which organisms are not dependent on carbon and nitrogen fixation and heterotrophic organisms predominate. These features also suggest that, despite the extremely biased Redfield ratio, the microbial community from the red mat is not nutrient limited because it is slowly consuming the already fixed nutrient-rich standing biomass. In contrast, in the oligotrophic green mat community, N limitation results in smaller genomes, an abundance of carbon-and nitrogen-fixing pathways, a high abundance of COGs involved in DNA repair, and a lower abundance of COGs involved in energy-dependent transport systems.
Conclusions
Thus we can conclude that, although both mat communities exist under the enormous environmental pressure that is nutrient deprivation, they seem to cope with it in very different ways, which suggests the existence of a wide array of strategies to survive in low-nutrient environments. The green mat represents a highly structured and fractioned niche inhabited by highly specialized bacteria (Diamond, 1975) , while the red mat follows a ''Red Queen'' model, in which the plastic Pseudomonas must continuously change their strategy to maintain their dominance in an everchanging environment (Table 5) .
Finally, if we compare the functions inferred for CCB metagenomes with those from the GOS (Rusch et al., 2007) and Guerrero Negro (Kunin et al., 2008) by PCA, we observe that metabolic differences in such dissimilar microbiomes can be explained almost entirely by the photosynthesis category. This suggests that the functional differences between aquatic microbiomes are subtle and should be studied in detail rather than by large functional categories. Moreover, this relatively low functional diversity invites us to think that, in these ancient communities, the function is what is being selected for rather than the species composition. Detailed community ecology and experimental evolution studies are needed in order to explain how the CCB microbial communities, which are dissimilar species assemblies analogous to ancient life on Earth, perform the same functions.
